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ABSTRACT

Contemporary trends in rotating machinery development have produced a
continuous evolution towards ever increasing speeds and higher operating temperatures.
This process has been particularly evident in aerospace and automotive applications such
as turbochargers. The combination of high temperature and high speed has exceeded the
capacity of mainstream liquid lubrication technology. The NASA Glenn Research Center
has been at the forefront in developing innovative solid lubricants for the oil free
protection of rotating machinery under these extreme environmental conditions. The
most recent of these is the PS 300 series of plasma sprayed solid lubricant coatings. St
Louis University and NASA Glenn Research Center entered into this cooperative
agreement to investigate potential thermal processing techniques for the enhancement of
the PS 304 solid lubricant.

INTRODUCTION

The PS 300 series of plasma sprayed coatings are all Cr,03-NiCr based
with Ag added for wear reduction at low temperature and a BaF»/CaF, eutectic added for
protection at high temperature. The coating composition has been optimized by varying
the percentages of the above constituents in order to match the thermal expansxon
properties of the coating to those of the substrate on which it has been sprayed.' In
particular, the PS 304 coating has proven efficacious in oil free high speed, high
temperature foil bearing applications with superalloy substrates.> The feasibility of
further enhancement of the PS 304 solid lubricant by post spray thermal processing
formed the basis for this cooperative agreement.

Heat treatments are routinely used to modify the structure and/or
properties of materials. Hardness, strength, ductility, toughness adhesion and cohesion’
are just some of the properties affected by thermal processing. Porosity can also be
reduced when plasma sprayed materials are subjected to an appropriate heating, cooling
cycle.* Treatments such as annealing and tempering can be done before or after final
machining. The timing of the heat treatment depends on whether the material
modification is used to ease manufacture or enhance the performance of the finished
product. In some cases one heat treatment is performed before and a different process is
performed after final machining.

The preliminary annealing process for the PS304 coating on superalloy substrates,
developed at NASA Glenn, consisted of heating to 1000°F, soaking for 100 hours at
temperature, then slow cooling. This process resulted in an increase in coating hardness
of 8 - 13%. For obvious economic reasons optimization of this process by reducing the
time at temperature would be advantageous. The current study quantified the effect of
several different heat treatments on the final hardness of the PS304 coating on three
different substrates: Inconel X750, Inconel 718 and 304 stainless steel. ~ As expected the
temperature and duration of the anneal process affected the final hardness of the PS304
solid lubricant. The substrate and presence of a bond coat also influenced the pre and
post anneal hardness.



PROCEDURE

NASA Glenn supplied nine sets of test coupons for utilization in this
assessment: three each of Inconel X750, Inconel 718 and stainless 304. One set of test
coupons of each of the above materials was plasma sprayed with a 0.005 in interlayer
bond coat of NiCr and another set of coupons was sprayed with a 0.005 in NiAl bond
coat. All of samples were then sprayed with PS304 and then surface ground to leave a
0.015 in PS304 layer. The plasma spray coated substrates were sectioned into smaller
samples for heat treatment. All sample preparation was performed at NASA Glenn
Research Center.

Coating and substrate hardness were measured and all sample dimensions
were recorded prior to thermal processing. A minimum of three Rockwell B, R,
hardness tests were done on each coating and substrate. The coupons were then heated
for a proscribed period of time and allowed to cool at room temperature. Hardness and
dimensions were then re-measured.

RESULTS and DISCUSSION
Hardness vs. anneal time and temperature

The first samples were processed utilizing the NASA Glenn baseline
procedure of 100 hours at 1000°F. Coating hardness increased between 8 and 13 % with
the largest increase in hardness occurring in the NiAl bond coated samples. Tables 1 and
2 contain the raw Ry, hardness data and percent increase in hardness respectively. The
soaking temperature was then increased by 25% to 1250F while the time at temperature
was reduced by 50% to 50 hours. Hardness increases of only a few percent were
achieved with this procedure. The annealing temperature was then increased again to
1500 F while the annealing time was held constant at 50 hours. These samples uniformly
displayed hardness values less than those of the as received samples. Investigation of
these coupons with SEM revealed that substantial degradation of the coatings occurred
after being exposed to the 1500 F environment for 50 hours, Fig. 1.

At this point it was decided to substantially reduce the annealing temperature and
time and heat the samples incrementally until the hardness of the baseline technique
could be reached or exceeded. A set of samples was heated at 1100 F for 25 hours
allowed to air cool and then hardness and dimensions were measured. The resulting
coating hardnesses were within error measurements of those achieved with the baseline
NASA technique. Assuming an Ahrennius type relationship between time, temperature
and hardness a simple line graph was extrapolated and an exponential curve fit
calculated. Utilizing that plot an annealing temperature of 1170 F for 10 hours was
extracted. The results of this heat treatment were for the most part encouraging, 4 - 11%
hardness increases overall. Only the samples bond coated with NiAl fell far short of the
baseline anneal hardness gains, lagging by up to 75%. A slight increase in temperature to
1200F for the same annealing time, 10 hours, produced Ry values essentially equivalent
to the baseline anneal of 100 hours @ 1000 F on the Inconel coupons with a NiCr
interfacial layer or no bond layer. All of the stainless 304 coupons and the Inconel



coupons with a NiAl interfacial layer still fell short of the baseline anneal levels. A
minimal anneal process of 2.5 hrs @ 1200 F resulted in moderate increases in hardness of
3-8%.

Effect of Substrate and Bond Coat

The initial coating hardness after plasma spraying but before heat
treatment appeared to depend on the substrate and the type of bond coat. Pre-heat coating
hardness as a function of substrate and bond coat is shown in Figure 2 with Ry, X750 >
718 > 304 regardless of bond coat. All of the annealing processes brought the PS 304 on
Inconel 718 hardness up to the same levels as the PS 304 on Inconel X750. The hardness
of the plasma sprayed coating on the stainless 304 substrate remained approximately 5%
lower overall regardless of the annealing time/temperature. PS 304 hardness on the two
Inconels maximized out at about Ry, 102 +/- 2. The hardness of PS 304 on stainless 304
never exceeded a Ry, of 98.

In addition, the NiAl bond coat appeared to reduce the initial Ry, hardness of the
PS 304 spray coating by 6 - 8% on all three of the substrates Table 1, Figure 2.
Annealing for an appropriate length of time at temperature brought the NiAl bond coated
coupons up to about the same R, hardness levels as the other coatings on the same
substrates, Table 1 (1000 F/100 hrs, 1100 F/25 hrs). Annealing at a higher temperature
for a shorter time (1200F/10 hrs) developed hardness levels roughly equivalent to those
of the baseline procedure on coupons with an NiCr bond coat or no bond layer but not on
those with the NiAl bond layer.

Hardness vs. anneal process plots for all of the PS 304/bondcoat/substrate
combinations and for the substrates themselves are included in appendix A.

Thermal expansion

An unsuccessful attempt was made to correlate the linear and volumetric
thermal expansion rates with the anneal process. This was not possible with the available
samples because the variability of the coupon dimensions was of the same order as the
apparent post process change in dimension. This data has not been included in this report
but is available upon request. '

Conclusions and Project Achievements

Substrate and interfacial bond layer affect both the as sprayed and the post anneal
hardness of the PS 304 solid lubricant coating. Therefore, a single one size fits all anneal
process may not be achievable or desirable. This study produced several more efficient
thermal enhancement processes for the PS 304 solid lubricant coatings. An increase in
anneal temperature from 1000°C to 1100°C coupled with a decrease in anneal time from
100 hours to 25 hours to produced an equivalent increase in coating hardness on all
substrate/bond coat combinations tested. Substrate/bond coat specific anneal techniques
appeared be necessary when further anneal time minimization was attempted. A
time/temperature combination of 10 hrs @ 1200°F produced satisfactory results on both



of the Inconels with no interfacial layer as well as with a NiCr bond coat. However, this
process produced unsatisfactory results on the stainless 304 with all bond coat
combinations and on the Inconels with the NiAl bond coat. A longer soak time appeared
to be necessary to achieve similar coating enhancements with these substrate/bond coat
combinations.

A more in depth investigation of the substrate/bond coat affect on PS 304
hardness and other properties is needed. An extension of this co-operative agreement to
further study the limits of the PS 304 plasma sprayed lubricant is under development.

An abstract delineating the results of this co-operative agreement has been submitted for
presentation at the 2000 ASM International Materials Solutions Conference in St. Louis,
Mo. October, 2000.



TABLE 1: Rockwell B hardness vs. anneal method

SUBSTRATES Inconel x750 Inconel 718 304 Stainless

Bond Coat None | NiAl | NiCr | None | NiAl | NiCr | None | NiAl NiCr

Anneal | Anneal
Temp | Time

® | ()

96.0 89.3 95.0 933 | 875 90.5 90.2 85.0 88.2
+16 | £14 | 16 | £09 | +22 | +18 | +12 | 406 | +1.2

1000 | 100 | 1044 | 1000 | 103.1 | 1027 | 99.1 | 1009 | 97.7 | 959 | 962
+04 | +01 | +05 | +10 | +14 | 03 | £09 | +07 | +04

1250 50 97.1 89.9 96.4 100.1 90.0 95.3 9L.5 84.1 925
+1.1 0.7 0.7 1.0 +0.5 03 0.6 0.9 19

1500 50 90.7 83.6 84.0 97.0 78.6 79.1 81.5 76.5 79.4
t1.2 05 13 +13 126 125 0.5 14 08

1100 25 1020 | 1004 99.9 102.1 1004 | 101.0 96.5 95.7 96.2
1.7 +04 19 +1.1 03 10 0.9 03 104

1170 10 101.0 92.7 99.8 102.5 97.0 98.6 94.8 90.0 94.9
+13 0.8 +0.5 +04 0.5 108 +0.8 13 13

1200 10 102.9 96.6 103.2 102.0 93.0 98.9 95.1 921 | 93.1
+1.2 0.6 0.9 0.1 105 +0.9 104 09 | +£09

1200 25 100.7 954 101.2 99.5 94.9 97.9 93.4 90.7 93.2
1.0 0.7 10.3 +03 13 1.1 +0.7 13 16




TABLE 2: % increase in Rockwell B hardness vs. anneal method

SUBSTRATES Inconel x750 Inconel 718 " 304 Stainless
Bond Coat None NiAl NiCr | None | NiAl NiCr None | NiAl | NiCr
Anneal | Anneal
Temp | Time
® (hrs) _
) ) 96.0 89.3 95.0 93.3 87.5 90.5 90.2 85.0 88.2
+16 +14 16 +0.9 +22 18 12 +0.6 +1.2
1000 100 8.8 12.0 8.5 10.1 13.6 11.5 8.3 12.8 9.1
1250 50 1.1 0.7 1.5 7.3 32 5.3 14 -1.1 4.9
1500 50 -55 6.4 -11.5 4.0 -98 -126 -96 - 10. -10
1100 25 6.3 12.4 52 94 15.1 11.6 7.0 12.6 9.1
1170 10 5.2 38 5.1 99 11.2 9.0 51 5.9 7.6
1200 10 7.8 8.2 8.6 9.3 6.6 9.3 54 8.4 5.6
1200 25 4.9 6.8 6.5 6.6 88 8.2 35 6.7 57
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Figure 2. PS 304 coating after 1500 F for 50 hrs. Note voids and cracks. The same
coating after 1000 C for 100 hrs is included for comparison.
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APPENDIX A
ROCKWELL B HARDNESS vs. HEAT TREATMENT
ALL SUBSTRATES and COATING COMBINATIONS



40051 @ suy 050
40621 @D sy osE
4002 @ swyoitD
40021 @D SIUGZW
4011 @ s oL
40011 @ siy szl
40001 @ 44 00} B

poAlgoal sed

S8

06

56

ool

- GOl

(v) 81 19U0dUj UO H0¢ Sd
jusueal) Jeay sA ssaupleH

oLl

- SLl

ad



‘ S
08
- |
SR
e 58
40061 @ suy 05O T
40521 @ sy osm T 06
40021 @ swyoLd
40021 @ swuszZl
401 @swyoLm s6
40011 @ sy szO
40001® Sy 001 B
poeAlg0al Se3 ._. ool
- GOL
oLl
- gLl

(g) 05.x [guodu| uo $0¢ Sd
jusuueal) yeay sA sssupJleH

ay



HH

40061 © sy 050
40521 @ siyos
40021 @ sy 0LO
40021 @Iy SZM
40/LL @ sy oLO
40011 @ siy szO

4000F @ U4 Q0L BB
PoAlgdal se M

056

000t

- 0'G0}

(D) voc ssojulels uo yo¢ Sd
juswjeal) yeay sA ssaupieH

0oL

L oSt

aq



40051 @ sl osO
40621 @siyosm
40021 @solLO
40021 @SIuSZH
4011 @siyoL0
40011 @ siuszO

4000} @ U4 00 B
PBAI828) Se E]

27

08

g8

06

H

G6

001

S0L

() vog ssejuielg uo |VIN/POE Sd
juswjeal) jeay SA sssupJeH

Ol

- Gl

qy



HH

40051 @ siy 050
40521 @ SIU OS
40021 @ s oL
40021 @ SIUSZTH
4011 @ siyoLO
40011 @ sy szO

40001 @ Si4 00L B3
paAladel sel

g8

06

56

00l

S0l

(3) 05X 19uU0dU] LO |YIN/FOE Sd
juswjead) jeay sA ssaupleH

oLl

- Sil

N



0'SL
T J 008
0’68
40051 @ siy oSO . 0’06
40521 @ Iy oS
40021 @ ssyoLO
00ZL @S GZH 0'66
4011 @siyoLD
40011 @ sy szO
40001 @ sy 00L D .
paniadal se == 0001
- 0'50)
00LL
0OSLL

(4) 812 18UodU] U0 |VIN/FOE Sd
juswijeal) Jeay SA ssaupleH



40051 @ sty 050
40621 @ sy oS H
40021 @ sy o010
40021 @ sy STH
4011 @ siyoLO
40011 @ siy sZ0O0
40001 @ suy 00L E3

PaAiIald8l se[]

06

g6

00l

Gol

(9) 052X |9uodU] UO JDIN/VOE Sd
juswijeal) yeay SA ssaupJdeH

oLl

-Gl

ay



40051 @ sy 050
40521 @ Iy 05
40021 @ s oL
40021 @SS TZTH
d0/1L @swyoLO
40011 @ syszO

40001 @ Sy 00LE3
poAlalal seM

7

08

S8

06

g6

00l

S0}

(H) 814 19uodUj UOIDIN/POE Sd
jusaLweal) jeal SA ssaupleH

oL}

-Gl

ay



-

f

40051 ® sy 050
40521 @ sy osm
40021 @ sy 01O
40021 @ S GZTH
401 @swyoLD
40011 ® sy sz0

4000} @ sS4y 001 |
paAiadal se[]

0'sL

008

0'se

006

0's6

0001

0'sol

(1) vog ssajurels uo JIDIN/POE Sd
juslwyeat) jJealy sA ssoupleH

- 00LL

-0StLL



40051 @ siy 0500
40521 @ sy osm
40021 @ siy oL
40021 ®SIYSZH
4011 @siyolO
40001 @ siy szO

40001 @ U4 00LE
paAlBdal sel

——

—

06

008

0's8

006

000l

0's0lL

JuaWieal) Jealy SA ssaupiey g zx [auoau)

0oLl

- 0S5k



_ G
08
- S8
[ 40051 @ s 0s OO 06
| d0SZ) @ siuosH
40021 @ s;y 0L W
40021 @siuszm I L ¢6
401 @ siyoLHe |
40011 @ siy szO !
40001 @ sJy 00L B B 001
paAladal se f
|
q - 501

—

oLl

11

jusuneal) jeay sA ajelysgns gL/ jouodu| JO ssaupieH



40051 @ siy 050
40521 @ sy osm
; dJ00ZL @ soLo
| 1002) @Sy STH
40 @swoLO
40011 @ siy sz
40001 @ Sy 00L B
paAIadal se )

74

08

S8

06

H

g6

00}

- 501

(Q) voe ssajuiels uo JDIN/YOE Sd
juswijeal) jeay SA ssaupley

oLt

11

aq



JOIN/POESA O
IVIN/FO€Sd O
yoesd B3
alessqns gL [

1

—t—

06

G6

ool

- 01

Juawileal) jeay o) Joud ajesysqns
g1/ |euosuj uo Buneod yo¢ Sd JO ssaupieH

oLl

1

qy



S.

JOIN/YOESd O
IVIN/POESd O
yoesd @
ajessqns y0g M

—

08

HH

06

56

001

SOl

juawieal) jeay o} Joud ajessqns
$0¢ ssajule}s uo buyeos g Sd Jo ssaupleH

oL

11

aqy



JOIN/POESA O
IvIN/pOgsd O
yogsd B
a1eNsans 0G /X 3

g6

001

S0l

jusuneau) Jeay o3 Joud
06X jauosu] uo sbupeos jo ssaupley

- 0L1

SLl



JOIN/POESd O
IVIN/P0ESd O
yogsd@
ajeNsans gL/ M

e

—t—

Lmom

SL

08

58

06

S6

ool

jusuneals) yeay o} Joud
ajesysqns g/ uo sbupeod Jo ssaupleH

SiLL

ay



